Experiments and numerical methods are developed to investigate the water entry of a freefall wedge with a focus on the evolution of the pressure on the impact sides (the side contacting water) and the top side (the dry side on the top of the wedge), evolution of the global hydrodynamic loads, evolution of the air-water interface, and wedge motion. It is found that a typical water entry of a freefall wedge can be divided into slamming, transition, collapse and post-closure stages. A single-fluid numerical model is presented to simulate the first three stages. The results are compared to experiments and good agreements are obtained. A two-fluid BEM is proposed to investigate the influence of the air flow before the closure of the cavity created on the top of the wedge. It is found that for the closure of the 2D cavity, the air flow starts to play an important role just before closure but due to the short duration, the influence of air flow on the body velocity and configuration of the air-water interface is limited.
Introduction
Lifeboats are widely used in ships and offshore platforms to rescue humans in emergency conditions. When a freefall lifeboat enters water, the fore part with a wedge-shaped cross section may impact the water surface at high speed. The impact between the lifeboat and the water results in impulsive pressures on the hull and large accelerations of the boat (the absolute value of the acceleration can reach and even exceed 10 g). These loads can damage the lifeboat and/or injure occupants. After the water reaches the knuckle line of the lifeboat, flow separation occurs and a cavity is formed on the top of the lifeboat. This significantly influences the transient hydrodynamic forces acting on the lifeboat so that it experiences a significant drop in acceleration. Eventually, the cavity is closed at the stern of lifeboat. After the closure, the compressibility of the air entrapped in the cavity matters. It is associated with the oscillation of the cavity pressure, which leads to the oscillation of the longitudinal acceleration of the lifeboat. Good understanding of these phenomena is vitally important for the effective design of lifeboats, motivating the present investigation of the water entry of a freefall wedge.
Experiments and numerical methods are developed with a focus on the: pressure evolution on the impact and top sides of the wedge, evolution of the global hydrodynamic loads, evolution of the air-water interface (cavity) and wedge motions. In addition, the influence of the air flow before the closure of the cavity is investigated. Experiments and numerical simulations showed that a freefall wedge entering a free surface of water may experience four successive stages:
Slamming stage. At the beginning of the impact, the water rises up and jets are formed at the body sides. Before the water reaches the knuckle of the wedge and flow separation occurs, the slamming force acting on the body rapidly increases due to the rapid change of the added mass of the wedge. The flat-plate approximation of the added mass, i.e.
= 0.5 , shows that it grows quadratically with respect to the half wetted breadth c. By assuming a constant entry speed and neglecting the effect of the gravity, the slamming force/pressure and the free surface profile have been widely studied [1] [2] [3] [4] [5] [6] [7] [8] . Under the influence of the slamming force, the freefall wedge experiences a rapid change of vertical acceleration.
Transition stage. When the jet reaches the knuckle of the wedge, non-viscous flow separation occurs.
The jet breaks up into spray. After the root of the jet/spray leaves the knuckle of the wedge, the rate of change of the added mass reduces and this leads to the strong drop in the slamming force which corresponds to the significant drop in the acceleration. The transition stage starts when the root of the spray leaves the knuckle and it ends when it is far away from the knuckle (approximately after the top side of the wedge reaches the still water level).
Collapse stage. After the transition stage, an open cavity is formed on the top of the wedge [9] .The open cavity expands laterally at the beginning. The hydrostatic term in the Bernoulli's equation resists the expansion of the cavity causing its contraction and pinch-off (closure). During this stage, the hydrodynamic loads change slowly.
Post-closure stage. When the cavity is closed, the air compressibility plays an important role and leads to an oscillation of the cavity pressure, of the hydrodynamic loads and of the wedge acceleration. We also call this stage an 'oscillation stage'.
In this paper, the first three stages are studied in deep. We develop experimental and numerical methods to investigate the physical phenomena involved during the water entry of a freefall wedge.
The experimental and numerical methods are verified by comparing the results, and used to investigate the influence of the air flow before the pinch-off of the cavity. In the companion paper [10] , we discuss the mechanics behind the physical phenomena during the water entry of freefall wedges.
Experiments
Experiments are conducted to understand the physical behavior of the phenomena connected with the vertical motion of the wedge and the cavity dynamics during a freefall wedge entering the water surface. The main goals of the experiments are to investigate the: evolution of the pressure along the impact sides and the top side of the wedge, evolution of the global hydrodynamic loads, evolution of the air-water interface, and vertical motion of the wedge. The experimental results are also used to verify/validate the numerical models developed.
Experimental setup
An ad hoc experimental apparatus has been designed at CNR-INSEAN for the experimental tests. It consists of a wedge cylinder, a water tank and driving and releasing mechanisms. A global sketch of the water tank and the driving mechanism is shown in Fig. 1 (lateral view) and Fig. 2 (front view).
Tank. A tank has been designed for proper measurements of the flow around the body. In order to assure the complete visibility of the flow field as well as of the free surface deformation, the wall and the bottom of the tank have been built by using plates of Plexiglas with thickness 40 mm. The main dimensions of the tank are reported in Figs. 1-2. The tank length is 3 m to avoid interaction between the hydrodynamic field and the ends of the tank. The tank width is 400 mm which is sufficient to avoid 3D
effects from the ends of the cylinder (due to the presence of gaps between the ends of the cylinder and the tank walls) affecting the central cross section of the cylinder where measurements are taken. A water depth H=1000~1200 mm has been used, corresponding to a ratio h0/H = 0.04~0.048, with h0 the height of wedge prism. A structure fixed to the floor (element 6 on the sketch of Fig. 1 ) supports the wall of the tank and keeps its bottom at a distance of 300 mm from the floor to allow for lighting from below.
Driving and releasing mechanisms. The wedge cylinder (element 4 in Fig. 1 ) is connected to the sliding beam (element 9 in Fig. 1 ). They are free to fall from a height h. During the fall, the sliding beam moves along two vertical linear guides (element 7 in Fig. 1 ) screwed on a steel structure (element 1 in the Fig. 1 ), which is rigidly fixed to the ceiling of the lab. This structure is also used as support for the system pulley-cable and electric magnet release mechanism (elements 2+3+8 in Fig. 1 ). At the initial time instant, the electric magnet is switched off and the cylinder falls, attaining a theoretical impact speed of 2 ℎ.
Wedge cylinder. The wedge cylinder consists of a wedge prism and three orthogonal plates as shown in Fig. 3 . The two impact sides and the top side (hatch) of the wedge prism are made from 5 mm aluminum plates. Screws are used to connect the impact sides and the hatch. The orthogonal plates are made from 6 mm aluminum plates, which are welded on the hatch. The nominal dimensions of the wedge prism are 48 mm high, 166 mm wide and 396 mm long, which results in a deadrise angle of 30°
and the length/width ratio of 2.4. We note that a larger cross-section leads to a small length/width ratio (3D effects matters) and small Froude numbers (not as desired), while a smaller cross-section leads to an inner space that is insufficient to mount pressure transducers and weak bending stiffness (hydroelasticity may matter during impact).
The maximum Froude number = / with the initial entry speed, the acceleration of gravity and the half width of the wedge is limited by the maximum falling height of wedge, which is approximately 2.5 m in the used experimental facility.
The arrangement of the wedge prism and the description of the pressure probes are shown in Fig. 4 .
Four stiffeners are built inside the wedge prism and screw holes are made on the stiffeners. A bigger stiffener is built in the center of the wedge prism. Three pressure transducers (Kulite XCQ-62) are placed on the hatch of the wedge and other three (Kulite XT190) are placed on the impact side. The sensitive part of the probe is a flat disc with diameter around 4 mm for the XT190 and 1 mm for the XCQ-62. An exit hole is made on the hatch and a waterproof tube is connected on the hole to guide the cables of transducers out from the wedge prism.
The wedge cylinder is connected to the sliding beam (element 9 in Fig. 1 ) by two connecting cylinders, as illustrated in Fig. 1 . The equivalent mass of the wedge cylinder, that is the sum of the sliding beam, the connecting cylinders, the orthogonal plates and the wedge prism, is 12.8 kg (which leads to 32.3 kg/m).
Camera. The evolution of free surface is recorded by a fast video camera (Photron ULTIMA APX)
as shown in Fig. 5 . This device is supplied with a large, high sensitive CMOS sensor with a pixel array of 1024x1024 elements. The camera is able to acquire images at a time frequency up to 2000 frames per seconds with full resolution. Working frequency can be increased further by reducing the spatial resolution. Two other cameras with resolution 1024x1024 pixels and acquisition frequency 100 fps are used to record the global evolution of the flow field.
DAQ system. A data acquisition system (DAQ) is adopted for the acquisition of the wedge motion, through one potentiometer and two accelerometers, and the pressure evolution on the impact and top side of the wedge prism through six pressure transducers (see Fig. 6 ). The potentiometer and the accelerometers are not placed on the wedge prism but on the sliding beam (around the middle). A trigger signal is generated when the magnet of the release mechanism is switched off. This signal, recorded by the DAQ system, ensures the synchronization between the DAQ system and the images of the high speed camera.
Four different Froude numbers are investigated by varying the freefall height. The test matrix is presented in Table 1 . For each case, the test is repeated 10 times in order to ensure a good repeatability.
For the high-speed camera, a frame rate of 1000 frames per second is used in order to capture the oscillation of the closed cavity. A sampling rate of 20 kHz is used for the DAQ system. The vertical velocity of the wedge cylinder is obtained in two ways: by differentiating the position with respect to time and by integrating the acceleration w.r.t. time.
A typical procedure for water entry of a freefall wedge
In order to characterize the kinematic and dynamic evolution of the water entry of a freefall wedge we refer to the test case 2. Because of the short rise time which characterizes the impulsive local load, a hydroelastic reaction of the local structure may be triggered when the rising time is comparable to a typical natural period of the structural mode contributing to large structural stresses [11] . In the present case, the highest natural 
Mathematical model
The above experimental observations are useful to guide the proper choice of the numerical or theoretical models for the investigation of the physical phenomena involved. In particular, during the water entry of a freefall wedge, a cavity can be created on the top of the wedge. Since the density of water is much larger than the density of air (and provided that the wedge velocity is much less than the speed of sound), the air flow can be safely neglected during most of the period before the closure of the cavity. Close to the pinch-off of the cavity, the gap width near the closure point that the air flows through goes to zero, and the velocity of the air will diverge under the assumption of the incompressibility of the air. Although in reality the compressibility of the air limits the air speed, it can even reach supersonic speeds [14] . It implies that the air flow plays an important role close to the moment of the pinch-off. In this section, first a single-fluid model is presented to reproduce the water entry of the freefall wedge without considering the air flow. Then an incompressible two-fluid model is developed to investigate the influence of the air flow in particular at the end of stage C. After the closure, the air compressibility matters. Another double-fluid model (incompressible water and compressible air) must be considered.
Single-fluid formulation
We assume that a two-dimensional wedge with mass M, deadrise angle β and beam 2c0 vertically impacts the still water surface with initial entry speed V0. Since the density of water is much larger than the density of air and the wedge velocity is much less than the speed of sound, we may safely neglect the air flow. Let be the density of water and the dynamic viscosity of water. Because of the short duration of impact, viscous effects can be neglected provided that the Reynolds number Re = / ≫ 1. Further, we assume the water incompressible and the flow irrotational. Therefore a velocity potential satisfying Laplace's equation
is introduced. The local water velocity is given by = ∇ . Using Green's second identity, the two-dimensional velocity potential can be represented in the boundary integral equation (BIE):
Here, ( , ) are the field point coordinates, ( , ) are the integration coordinates, = ( − ) + ( − ) , and n denotes the interior normal to the boundary ∂Ω of the water domain Ω. In the water, is equal to 2 . On ∂Ω, is the local interior angle of the boundary.
The flow is symmetric about the central line, y=0, of the domain Ω. We can then simulate only half of the fluid domain Ω. Fig. 9 shows the coordinates and definitions of the computational domain.
On the wedge surface the impermeability boundary condition holds
Similarly, the boundary conditions on the fixed bottom, at the control line SC and at the truncation boundary far away from the body are
Eq. (4) is the exact boundary condition at the ends of the tank to reproduce the experiments. For open ocean (infinite domain), this represents an approximation at the truncation boundary. On the free surface, fully nonlinear kinematic and dynamic boundary conditions are satisfied
is the substantial derivative following the water particle on the free surface. In the dynamic boundary condition, the surface tension has been neglected by assuming the Weber number = / ≫ 1. Before the closure of the cavity, the pressure on the free surface is assumed to be the atmospheric pressure pa.
The motion of the wedge is calculated by Newton's second law
Here Fz is the total vertical force due to the water pressure and ZG the vertical position of the wedge center of mass.
The numerical hydrodynamic forces acting on the wedge are obtained by integrating p over the wetted wedge surface. From Bernoulli's equation, the pressure on the wedge surface can be evaluated
This requires evaluating the ⁄ term, which is unknown before we solve for it. The ⁄ term can be evaluated by solving the boundary value problem for the function / t      , which is still governed by 2D Laplace equation.
Two-fluid formulation
We assume that a two-dimensional wedge with mass M, deadrise angle β, beam 2c0 vertically impacts the still water surface with initial entry speed V0. Provided that the Reynolds number Re , = / , ≫ 1 and due to the short duration of impact, viscous effects can be neglected. Here, the subscript 'w' and 'a' indicate the water and the air respectively, and , are the kinematic viscosities of water and air. Further, we assume that both water and air are incompressible and the flow is irrotational. Then the velocity potentials and satisfying Laplace's equation
are introduced. The local velocity is given by = ∇ . Using Green's second identity, the two-dimensional velocity potentials can be represented as BIEs:
, ,
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Here ( , ) are the field point coordinates, ( , ) are the integration coordinates, = ( − ) + ( − ) , and n denotes the interior normal to the boundary ∂Ω , of the domain Ω , of a fluid. In the fluid, , is 2 . On ∂Ω, , is the local interior angle of the boundary.
As for the single-fluid formulation, the flow is symmetric about the central line, y=0, of the domain Ω, which allows the solution of the problem to be found only in half of the fluid domain Ω. Fig. 10 shows the coordinates and definitions of the computational domain. Two truncation boundaries SI and SII are introduced to reduce the computational effort. They are far away from the wedge in order to assume the fluids are undisturbed along the truncation boundaries. On the wedge surface the boundary condition is given by
It means that the fluid cannot penetrate the body. Similarly, the boundary condition on the fixed bottom
At the control line SC, the boundary condition is exactly , 0 w a
At the vertical truncation boundary SI, the boundary condition is approximated by , 0 w a
At the horizontal truncation boundary SII, the velocity potential of air and its time derivative are specified 0 a   (16) and
The boundary integral equations are coupled through the continuity condition of normal speed, i.e.
a w a w n n
Moreover, we have the continuity condition of pressure on the air-water interface
Here, the surface tension has been neglected by assuming the Weber number = / ≫ 1. The boundary integral equations (11) with the boundary conditions (12)- (16) and (18) 
Here, = ( , ) is the advection velocity of the water particle on the air-water interface and
is the substantial derivative following the water particle on the air-water interface. After the occurring of flow separation at the knuckle, the knuckle point becomes the contact point between the air-water interface and the wedge surface. To track the evolution of the velocity potential at the knuckle, the substantial derivative should follow the knuckle point and therefore should represent the velocity of the knuckle point, which is equal to the velocity of the wedge, i.e. (0, -V).
Newton's second law (see Eqs. (7)- (8)) is used to calculate the rigid body motion. The aero-hydrodynamic forces are achieved through the pressure integration along the body surface. Bernoulli's equation provides the pressure on the wedge surface 2 , , ,
The , ⁄ terms in Eq. (22) 
which are also governed by the 2D Laplace equation
Again these functions are transformed to the boundary integral equations: 
Similarly, the boundary condition on the bottom is
On the truncation boundary SII, we have 0
which is consistent with Eq. (17) . On the wetted body surface, we have the same boundary condition as for the single-fluid flow [9] , i.e. 
Similarly, on the dry body surface, i.e. the top side of wedge, the boundary condition is
Eq. (19) gives one boundary condition on the air-water interface as
In addition on the air-water interface the continuity condition of normal speed, i.e. Eq. (18), should be always satisfied. This implies that, another boundary condition or constraint condition should be applied as the following
( ) a w w w a a w w w a n n n s s
Solving Eq. (25) with the boundary conditions (26)-(32), the , ⁄ terms can be obtained and then the pressure along the boundaries can be evaluated through the Bernoulli's equation, i.e. Eq. (22).
The two-fluid formulation represents the air and water flows by two sets of the boundary integral equations, which are coupled through the continuity conditions on the air-water interface. In the following section, we present the methodologies to solve the boundary integral equations (11) with the boundary conditions (12)- (16) and (18)-(19) for the velocity potential and the BIEs (25) with the boundary conditions (26)-(32) for the ⁄ term, in order to follow the evolution of the air-water-wedge system.
Numerical method
The BIEs, e.g. Eq. (2) and Eq. (11), are solved using boundary element methods (BEM). The equations of the wedge motion are solved by the explicit Euler method and the air-water interface is tracked by following the water particles on it and using the second-order Runge-Kutta method. In the following, the numerical method for the single-fluid model is referred as 'single-fluid BEM' and the numerical method for the two-fluid model as 'two-fluid BEM'. The reader who is interested in the detailed description of the single-fluid BEM can refer to [9] . Here we discuss only the two-fluid BEM.
Numerical solutions of BIEs
To solve the BIEs (11) 
By choosing a value of l=0.01, the coefficient of ( / ) w w C n    is about -0.061, which is much less than , the dominant coefficient of ( ) . This drawback can be overcome by superimposing the boundary integral equations of water and air for the nodes on the air-water surface SF: 
Here, the term 
Time-marching procedure.
The wedge motion and the evolution of air-water interface are governed by Eqs. (7), (8), (20) while the evolution of the air-water interface is solved by the second order Runge-Kutta method. The detailed time-marching procedure is described in Appendix A.
Results

Comparison of experiments and numerical results
During the water entry of the wedge, the air velocity should be of the same order of the water velocity near the air-water interface and the wedge velocity near the wedge body, both of which are small compared to the speed of sound for the present cases. Far away from the wedge, the air velocity is negligible. Close to the pinch-off of the cavity formed on the top of the wedge, the water tends to 'compress' the air cavity, causing the increase of the pressure inside the cavity and the air flow out of the cavity. Only when the gap (where the air flows out of the cavity) becomes narrow, the escape velocity of the air becomes large (comparable to the speed of sound). Therefore, during most of the period before pinch-off, the air flow can be safely neglected (since the density of the water is much larger than that of the air) and the single-fluid model is suitable for simulating the water entry of the freefall wedge. In this section, the results of the single-fluid numerical model are compared to the experiments to verify/validate the numerical method and integrate the experimental data for a proper physical understanding of the phenomena involved. The emphasis is on the pressure distribution on the impact side (through the time histories of the pressure tranducers P4, P5, and P6 as shown in Figs. 14-17), on the wedge motion (Figs. 11-13) , and on the evolution of free surface (Figs. 18-21) . In general the results of the numerical method agree well with the experimental results except that there are clear differences in measured and numerically predicted peak body acceleration for cases 2-4.
When we have peak acceleration, the numerical pressures on the impact side agree well with experiments, which should result in a good agreement of the hydrodynamic force (and the body acceleration) between the numerical results and experiments. This causes a contradiction that we cannot explain. The fact that both the numerical pressures and global free surface elevation agree well with experiments makes us believe that the single-fluid BEM can accurately simulate the water entry of the freefall wedge before the closure of the cavity.
Comparison of single-fluid BEM and two-fluid BEM
In this subsection, the proposed two-fluid BEM is used to investigate the influences of the air flow is stopped when the gap between the air-water interface and the vertical symmetrical boundary is less than a prescribed tolerance ε. In the present simulation, ε is set to be 1.5 mm, that is the numerical simulation stops at t=0.33017s. First, the conservation of fluid mass and energy is checked and the details are presented in Appendix B. It can be seen that the conservation of mass and energy of the air, water and air-water system is well satisfied. and R0 is the radius of the disk. The reason for this is that the parameter, which characterizes the importance of the air flow, is the area of the gap. For a 3D cavity, the area of the gap is represented by (R/R0) 2 , but it is R/R0 for 2D cavity. Based on the study by Peters et al., we estimate that for the present case the air flow starts to play an important role when the gap reduces to about
This agrees with our numerical results. Therefore, it can be concluded that, for the closure of 2D cavity, the air flow starts to play an important role just before the closure and due to the short duration the influence of air flow on the body velocity and configuration of the air-water interface is limited.
In reality, the air is compressible. Because the single-fluid BEM assumes no influence from the air flow, it should be equivalent to a two-fluid solver which assumes that the compressibility of air is infinite. Therefore, the results of the single-fluid BEM and the results of the incompressible two-fluid BEM can be regarded to be an 'upper bound' and an 'lower bound' (or an 'lower bound' and an 'upper bound') of the results of real flow respectively. Since the results of the single-fluid BEM agree well with those of the incompressible two-fluid BEM, the conclusions/results from the incompressible two-fluid BEM can also apply to the real flow except that the real pressure inside the cavity could be a bit lower than that predicted by the incompressible two-fluid BEM. We conclude that just before the pinch-off the pressure inside the cavity becomes highly uniform and the flow of the air can be neglected.
The evolution of the cavity after closure can be represented in term of its pressure, which is characterized by the first peak pressure, decay rate and oscillation frequency, as in the similar of
Abrahamsen & Faltinsen [16] [17] who also consider the importance of heat exchange. For the present experiments, the aluminium wedge prism has thermal diffusivity much larger than that of water, so the heat exchange between the wedge and the cavity could dominate the heat exchange between the water and the cavity. The cavities on both sides of the longitudinal vertical wall are connected by the gap between the end of the wedge cylinder and the tank wall. They can interact with each other and cause air flow in the longitudinal direction. In fact, due to the existence of the guide tube, an air leakage could be formed during the oscillation of cavity, which causes a significant decay of the cavity pressure and leads to air flow in the longitudinal direction. All these effects should be taken into account when a mathematical model is specified for the post-closure stage.
Conclusion
Experiments were conducted to investigate the water entry of a freefall wedge. Experiments showed that a typical water entry of a freefall wedge can be divided into slamming, transition, collapse, A two-fluid BEM was proposed to investigate the influence of the air flow during the collapse stage.
It was concluded that just before the closure of 2D cavity, the air flow starts to play an important role in the cavity pressure, but due to the short duration the influence of air flow on the body velocity and configuration of the air-water interface is limited. Further, the simulations by the two-fluid BEM highlight that just before the pinch-off, the pressure inside the majority of the cavity increases and tends to become uniform (so that the flow of the air inside the cavity can be neglected) but that near the pinch-off point, the air flow velocity is very large and negative pressure occurs here. After the closure of the cavity, the compressibility of the air plays an important role and leads to an oscillation of the cavity profile and pressure and the wedge acceleration. 
